INTRODUCTION
Most of the nondestructive evaluation (NDE) work using ultrasonic waves generally involves detection and sizing of tlaws (e.g., cracks, voids, etc.), and analysis of waves scattering from boundaries with different elastie properties inside a material. Alignment of the ultrasonic measuring system by maxirnizing the amplitude of the received signal is adequate for these measurements. For characterization of the material properties, one must determine the elastic constants ofthe material. Ifthe material is anisotropie (e.g., composites), assuming orthorhombic symmetry, one needs a complete set of 9 elastic constants for the characterization.
In an earlier work, we reported [1] the determination of elastic constants using an oblique angle incidence immersion technique [2] . In tbis method, one measures the timeof-tlight for various directions of propagation inside the anisotropic material, calculates the phase velocities for the propagation direction cosines and uses an inversion routine [3] to extract a complete set of elastic constants. For certain characterization purposes, one can compare these determined elastic constants with the values for an undamaged specimen (Le., one that does not have any fractures, misalignment, impact damage, etc.) and thus evaluate the state of the material.
For determination of elastic constants for anisotropie materials, it is very important that the relative orientation of the interrogating ultrasonic beam, measurement plane and specimen plane be accurately known. In tbis paper we outline a procedure for the reproducible alignment of the ultrasonic beam for these types of NDE measurements.
EXPERIMENTAL
The experimental set-up used in this work ( Fig. 1) has been described earlier [1] . Brietly, the transducer T is pulsed and the transmitted signal is measured by another transducer using a high precision digital oscilloscope. The direction cosines of the incident beam are defined in terms ofspherical polar angles ofincidence 9 i , <Pi' For a fixed 9 i (where 9 i is the angle between the incident beam and normal to the specirnen), the specimen is rotated through 27t in small steps of <Pi around its normal. The thru- 
FACTORS AFFECTING DETERMINATION OF ELASTIC CONSTANTS
There are several factors that can affect the determination ofthe elastic constants. Any misorientation ofthe specimen normal with respeet to the material symmetry direetions ean lead to error in the assumed direetion ofpropagation inside the material [1] . The inversion depends on measured values ofthe ineident direction eosines and time-of-tlight measurements. For eertain types of materials some values of stiffness constants may be very dose to each other, requiring good resolution and precision ofthe measurements.The aceuracy in measurement of time-of-flight ean also be affected by errors introdueed by changes in the water path length, which are due to vibrations in the transducer assembly (e.g., a ehange of 1 mil in path ean eause an error of approximately 16 ns).
For better spatial resolution, the ultrasonic transducers used for measurements have small apertures; 0.64 em for transmitter and 0.32 cm for the receiver. The small finite size of these apertures, especially the transmitter, presents another difficulty, namely the incident beam is uncollimated and the incident direction cosines will have a range of values lj±illj, mj ± ilmj and nj ± ilnj. The effect ofthese kinds of errors are usually not accounted for in the standard available analysis of wave propagation in an elastic media ofknown symmetry. These errors must be aecounted for to accommodate the measurement and analysis.
One can minimize the errors due to measurement of incident direetion eosines by properly aligning the initial specimen plane (i.e., when e j = 0) parallel to the seanning plane (the plane in which the time-of-tlight measurement is made). In the next few sections we outline a quantitative, reproducible procedure for aligning the relative orientations of receiver, scanning plane, specimen plane (e j= 0) and transmitting transducer by eonsidering both time-of-tlight and amplitude. Amplitude alone is not suffieient for proper alignment as will be demonstrated.
1. Leyelin~ of Rotatjn~ Platform for Specjmen Holder: Using the scanning transducer in a pulse-echo mode, the transducer beam is pointed down towards the tumtable.The leveling screws are then adjusted so that the time-of-flight from three well-spaced noncollinear points (preferably 120° apart) are equal.
2. Adjustment oftbe SCannin~ Transducer Orientation: Using the scanning transducer (receiver) in pulse-echo mode (beam projecting along +x scan axis), the echo from a point reflector is monitored. The orientation and spatial coordinates (Y,Z) of this transducer are adjusted, such that the time-of-flight is minimum (Fig. 2) .
3. Initial Adjustment ofthe Specimen Plane Orientation: We now describe how we make the initial specimen plane parallel to the scanning plane. The point target is removed. The ultrasonic beam from the scanning transducer (in pulse-echo mode) is directed towards the specimen holder backing plate which is mounted on a secondary leveling table (Fig. 2) . For a given Y position of the scanning transducer, the leveling screws on this table are adjusted so that the time-of-flight, for echoes from any two arbitrary points Zl and Z2 at the front face of this plate, are equal. Figure 3 shows the variation of It z -t z I with respect to t z . It is obvious that the quantity It z -t z I approaches zero when t: = t z . When this bondition is satisfied, the vertical orlentahon of the specimen holder plane i~ set correctly. Figure 4 shows the amplitude correlation at a pair of Z positions as the vertical orientation of the specimen plane is adjusted. It is difficult to ascertain simultaneous maxima of amplitudes A z , and A Z2 from such a plot.
So far we have adjusted poly the vertical orientation ofthe specimen plane by using a Z-line scan, for a given Y position. In order to make the initial angle of incidence equal to zero, the specimen plane must be made parallel to the scanning plane. We require that the time-of-flight for the reflected beam be equal from aB Y points on an optically flat specimen plane. To achieve this, we adjust the e-orientation of the specimen holder plane, for a given Z-position in an iterative manner so that time-of-flight t y = t y . Figure 5 shows the variation of t y and t y with the angle of incidence e. It is obvi6us froin tbis figure that t and t have opposite slopes as a function of e and intersect when their values are equal.
I~~aBy, ifiey should intersect at e = 0; however due to initial alignment errors, the lines intersect for e = -0.23 0 • For accurate measurement of the angle of incidence, the value of the angle should account for this systematic error or the error must be eliminated. The corresponding amplitude plot is shown in Fig. 6 . It is obvious that this systematic error cannot be ascertained easily from this plot.
4. Adjustment of the Transmittin~ Transducer OrientatioQ" The angular orientation and the spatial position of the transmitting transducer is adjusted, following a procedure similar to the one outIined in the step 2. A 0.64 cm diameter transducer with a center frequency of 10 MHz was excited by a pulse and was positioned initially by visual inspection, so that it radiates a beam in water through the center of the specimen holder hole. The scanning transducer was used to receive this signal and its (Y, Z) coordinates were adjusted to optimize the signal. The time of transit and the amplitude of the received signal was monitored by observing a zero-crossing and peak amplitude. The YZ positions of the scanning transducer, azimuthaI and polar orientation of the transmitter were adjusted iteratively, until time-of-flight is minimized. The YZ display of the scanner is then reset to zero. This completes the alignment procedure of various components used in the data acquisition for time-of-flight measurements needed for characterization of the elastic properties of the material.
CHECKING THE ALlGNMENT OF THE TRANSDUCERS
If the two transducers mentioned above are properly aligned, the distribution in the values of time-of-flight and amplitude in aplane YZ normal to the direction of propagation of the beam from each transducer "should beu symmetrical around (0,0). In order to image these distributions for propagation through water, the transducers are used in pitch-catch mode.The transmitter is fixed whereas the receiver scans in small steps from -Y I to + Y 2, while indexing in the Z direction from -Zl to +~. 
DISCUSSION AND SUMMARY
The aIignrnent procedure outIined above can be very difficuIt and time consuming, if the movements ofvarious components of scanning bridge assembly, transducer holders and specimen holder is crude and not controlled mechanically by precision screw drives (either manually or under computer control). For example, a variation of 0.5 mils in the sampIe holder plane can cause an uncertainty of almost 16 ns in the round-trip transit time of the interrogating uItrasonic beam. Furthermore, it is necessary to maintain constant temperature in the water tank; a variation of one degree centigrade in temperature of the couplant (water) at 20°C during the data acquisition can easily cause an error of 14 ns per cm of propagation. We have iIIustrated the importance of monitoring the time-of-flight, instead ofthe amplitude, while aIigning the various components involved in these precision measurements. Comparison of time and amplitude plots show that orientation of the specimen holder plane can be defined much more precisely from the condition It z -t z I = o (Fig. 3) than the requirements that either amplitude A z or A z be a maximum (Fig. 4) .
Similarly, comparison of Figs. 5 and 6 illustrate how easily th~ errors can be detected and measured precisely using the time-of-flight rather than amplitude data. Off-the-shelf commercially available transducers have produced time-of-flight patterns, some of which were difficuIt to interpret, e.g., dipole like pattern of the beam in the center (Fig. 8) . One does not expect such a pattern from a circular aperture and we suspect that this could be caused by the electrode on the front face of the transducer piezoelectric plate. Even with the constraints on the system, we feel that one can minimize the errors in the measurement of time-of-flight needed for the determination of elastic constants for nondestructive characterization.
